Maternally inherited Wolbachia bacteria have evolved mechanisms to manipulate the reproduction of their invertebrate hosts, promoting infection spread. A high fitness cost to the host is maladaptive for obligate endosymbionts, and prior studies show rapid selection of new Wolbachia associations toward commensal or mutualistic symbioses. Here, wMelPop Wolbachia is transferred from Drosophila melanogaster into the mosquito Aedes albopictus. Characterization of the resulting strain provides an extreme example of Wolbachia as a pathogen. In addition to reduced longevity and fecundity, abnormally high Wolbachia density is associated with embryonic mortality that masks the typical pattern of cytoplasmic incompatibility. The results are consistent with earlier reports that show unpredictable shifts in the Wolbachia phenotype after interspecific transfer, which can complicate proposed strategies to modify the age structure of medically important vector populations.
Wolbachia bacteria have been identified within a diverse array of invertebrates, where infections are responsible for a variety of host effects including male killing, parthenogenesis, feminization and cytoplasmic incompatibility (CI) (29) . The CI phenotype is characterized by early embryonic arrest and a reduction in the number of viable progeny (7, 8, 18, 39) . Strict maternal inheritance via embryonic cytoplasm is observed with Wolbachia, and although Wolbachia numbers can be high in testes (24) , transmission of the infection to offspring via males has not been reported (17, 41) . Instead, an unidentified "modification" of sperm acts to initiate CI in fertilized embryos, unless "rescued" by a compatible Wolbachia infection in their mates (8) . The cost of CI to hosts falls upon uninfected females and infected males within the host population, and since males are a dead-end for Wolbachia infection, the resulting dynamics can lead to the spread of infection above an unstable equilibrium threshold (18) . Wolbachia bacteria are generally described as "reproductive parasites," and Wolbachia-host interactions include examples that span the symbiosis spectrum. Field and laboratory studies support hypothesized trends from pathogenicity toward commensalisms and/or mutualism (16, 25, 40) . Since mutualistic examples are hypothesized to represent older associations, it follows that maladapted symbioses will be more common among new associations, including artificially generated infections. It is surprising, therefore, that additional examples of pathogenic Wolbachia symbioses have not been identified to date, especially given examples of Wolbachia transinfection. To date, there are two reported examples of pathogenic Wolbachia: an artificially generated association between the isopod Porcellio dilatatus and Wolbachia injected from Armadillium (2) and the wMelPop Wolbachia infection in Drosophila (27) . Both examples are similar in that host mortality occurs relatively late and is associated with Wolbachia overproliferation in adult tissues (22, 27) . A prior artificial transfer of the wMelPop infection into D. simulans led to a transient exaggeration of pathogenic effects, which were ameliorated in later generations (24, 25) .
A recent report of the stable introduction of wMelPop into the medically important mosquito disease vector Aedes aegypti (26) suggests a potential strategy to control disease transmission utilizing the heritable Wolbachia infection. Since female mosquitoes must survive an extrinsic incubation period to transmit dengue or other pathogens, a Wolbachia-induced shift in the population age structure toward younger females is expected to reduce pathogen transmission (6, 9) .
Aedes albopictus (Asian tiger mosquito) is a globally invasive mosquito that has spread via accidental human transport and competitive dominance, resulting in its displacement of numerous resident mosquito populations (15, 30, 31) . Its relevance as a disease vector has been elevated recently due to its role in recent chikungunya outbreaks (1, 14, 21, 36) .
Populations of A. albopictus are normally superinfected with two Wolbachia strains: wAlbA and wAlbB (23, 37) . The infection is among the most mutualistic of associations described for Wolbachia in insects (12) . Here, we introduced wMelPop into A. albopictus as the first step toward modifying age structure of an A. albopictus population in order to decrease disease transmission such as dengue. However, the wMelPop infection in A. albopictus was maladaptive and provided an extreme example of Wolbachia as a pathogen.
MATERIALS AND METHODS
Insect strains. Experiments were conducted using the wMelPop-infected colony of Drosophila melanogaster (w 1118 ) (27) , naturally superinfected A. albopictus (Hou and IH strains) (12, 37), and an aposymbiotic (i.e., uninfected) A. albop-ictus strain (HT1) (11) . Drosophila and mosquito strains were maintained as described previously (10, 34) .
Microinjection. Injection techniques for embryonic transinfection of mosquito and Drosophila were as previously described (42) . Injection needles were pulled from quartz microcapillaries (QF 100-70-7.5; Sutter Instrument Co., Novato, CA) by using a P2000 (Sutter Instrument Co., Novato, CA). wMelPop-infected cytoplasm was withdrawn from the posterior pole of donor w 1118 embryos and injected into the posterior pole of HT1 embryos by using an IM300 microinjector (Narishige Scientific, Tokyo, Japan). Injected embryos were transferred onto wet filter paper, incubated at 27 Ϯ 2°C and 75 Ϯ 10% relative humidity for 5 days, and then submerged in deoxygenated water. Resulting larvae (G 0 ) were reared using standard conditions (10) , and pupae were isolated as virgins. Eclosing females were mated with HT1 males (i.e., uninfected), blood fed, allowed to oviposit, and then PCR assayed to determine their Wolbachia infection status. Females failing to produce eggs were not tested.
PCR amplification and fluorescence in situ hybridization. Two primer sets were used to confirm wMelPop infection status: wMelPop-specific primers (VNTR141F/141R) (33) and general Wolbachia wsp primers (81F/691R) (44) . DNA was extracted from adult mosquitoes as described previously (5) . PCR amplification was performed in 20-l reaction volumes using Taq DNA polymerase (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. An MJ Research PTC-200 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) was used to perform 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. Template quality was confirmed in samples failing to amplify Wolbachia DNA by using 12S mitochondrial primers as previously described (28) . Fluorescence in situ hybridization staining was performed according to the method of Xi et al. (41) .
HTM curing. Wolbachia was removed from G 10 HTM using tetracycline according to methods described previously (11) . The absence of Wolbachia in the resulting HTMT line was confirmed by PCR (10 females and 10 males) for two consecutive generations after tetracycline treatment. To minimize the potential for direct tetracycline effects, crosses with HTMT individuals were performed two generations after tetracycline treatment.
Longevity, CI, and fecundity assays. For longevity assays, G 5 and G 13 eggs were hatched, and the resulting larvae were reared under optimal rearing conditions (i.e., low larval density and liver powder provided ad libitum). Newly emerged adults (10 females and 10 males) were placed in cages (n ϭ 20) and provided with a constant 10% sucrose solution. An anesthetized mouse was provided weekly for blood feeding (A3336-01; PHS Assurance). An oviposition cup lined with wet paper was continuously available, with weekly exchanges. Dead mosquitoes were collected at 12-h intervals, and sex was determined until all individuals in a cage died. The longevity of females and males was compared separately by using a Kaplan-Meier log-rank test (JMP 7.0.2; SAS Institute, Cary, NC).
For the CI and fecundity assays, G 13 eggs were used. Rearing of larvae and adults, blood feeding, and egg collection were performed as described above. Eggs from the first batch were hatched after 5 days of maturation, and the resulting egg number and arcsine transformed hatch rates were compared by using analysis of variance (ANOVA) with post hoc Tukey honestly significant difference (HSD) at P Ͻ 0.05 (SPSS 11.5; SAS Institute).
To assess the effects of time (gonotrophic cycle) and parental types used in crosses, repeated-measures ANOVA tests were performed (SPSS 11.5) . If the Mauchly's test indicated violation of the sphericity assumption, the degrees of freedom were corrected by using Huynh-Feldt estimates. Multiple comparisons between cross types used post hoc Tukey HSD.
To confirm insemination, spermathecae were checked in a subset of females by dissecting in Ringer's solution and observing under a dissecting microscope for sperm. Embryonic development was characterized by attaching eggs to doublesided tape (Scotch 665; 3M, St. Paul, MN) on a slide glass in a drop of Clorox bleach (Clorox, Oakland, CA) for 30 min, observed by using an Olympus IX70 fluorescence microscope, and photographed using Magnafire software (Optronics, Goleta, CA). The relative proportions of developmental stages for the three groups were compared among cross types by using ANOVA with post hoc Tukey HSD at P Ͻ 0.05.
RESULTS
Cytoplasm from wMelPop-infected Drosophila embryos was injected into aposymbiotic A. albopictus embryos (HT1 strain), resulting in 13 females (G 0 ) from five microinjection experiments, 8 of which were infected and produced progeny, allowing the establishment of isofemale lines ( Table 1) . The "HTM" isofemale line was selected for additional characterization, based upon the relative stability of maternal inheritance. At G 10 , the HTM line was subdivided and one of the resulting lines was closed (i.e., females no longer outcrossed with HT1 males but mated with HTM males). Outcrossing with HT1 males continued in the other line.
In the outcrossed HTM line, high maternal inheritance continued through G 10 , with 99.8% Ϯ 0.13% (mean Ϯ standard error [SE] ; n ϭ 150) and 100% (n ϭ 38) infection detected in females and males, respectively. In contrast, the infection frequency dropped in the closed line, resulting in the loss of Wolbachia infection within three generations in the absence of selection for wMelPop infection (Fig. 1A) . In a second experiment, closing of the HTM line was associated with a similar decline in infection frequency at G 11 without selection for wMelPop infection (Fig. 1A) . The line was split at G 11 , and females were either mated by HTM or HT1 males and selected for wMelPop infection. Although both closed and outcrossed lines were selected for wMelPop infection, only the outcrossed line subsequently restored infection up to 91% at G 13 , and the closed line lost the infection (Fig. 1A) . As an additional test for paternal effects on Wolbachia infection frequency, G 13 HTM females were mated with either HT1 or HTM males. PCR assays of the resulting progeny demonstrated 91.3% Ϯ 2.7% and 57.0% Ϯ 2.4% (mean Ϯ the SE) infection frequencies, respectively (Fig. 1B) . The absence of paternal transmission of the wMelPop infection to progeny was confirmed by PCR assays of 60 first-instar larvae resulting from three gonotrophic cycles of HT1 females crossed with HTM males, which resulted in no infection in progenies. The egg hatch rates resulting from the four cross combinations between HTM and HT1 individuals were examined (Fig.  2) . Significantly reduced hatch rates (multiple comparisons with post hoc Tukey HSD, P Ͻ 0.0001) were observed in all three cross types that included HTM individuals (female or male) relative to crosses between uninfected individuals. No difference in egg hatch was observed between crosses that included HTM individuals. The egg hatch rates remained consistent across multiple gonotrophic cycles (repeated measures ANOVA, Huynh-Feldt correction; F ϭ 2.6, df ϭ 3.16, P ϭ 0.060). To examine the possibility that reduced egg hatch resulted from failure of HTM males to inseminate females, spermathecae were examined from females in each cross type (n ϭ 25), and sperm were observed in 100% of the spermathecae.
Although female fecundity was observed to decrease significantly across gonotrophic cycles in all four cross types (repeated measures ANOVA, Huynh-Feldt correction; F ϭ 124.1, df ϭ 4.58, P Ͻ 0.0001), a comparison of fecundity between cross types revealed a difference between the HTM ϫ HTM (female ϫ male) and HT1 ϫ HT1 cross only (P ϭ 0.045) (Fig.  2) . Removal of the wMelPop infection from the HTM line via tetracycline treatment had no effect on fecundity. The fecundity of the cured HTMT line did not differ significantly from HT1 crosses. In contrast, removal of the Wolbachia infection in the HTMT line restored egg hatch to levels indistinguishable from the compatible HT1 crosses ( Table 2) .
Although egg hatch failure can result from multiple reasons, the typical CI phenotype is characterized by early embryonic arrest (39) . Embryonic bleaching was used to examine the development of eggs failing to hatch from HTM crosses. Unhatched eggs were assigned to one of three categories: no development, intermediate development, and visible eye spot (Fig. 3) . A majority of unhatching embryos from HT1 ϫ HT1 crosses showed late-stage development (i.e., eye spots). In contrast, the HT1 ϫ HTM cross predominantly resulted in no development among hatching eggs. Both cross types that included HTM females were similar, resulting in proportionally more eggs displaying intermediate levels of development. For the HTM larvae from the outcrossed line that successfully The fecundity (i.e., the number of eggs) and hatch rate (i.e., the percent egg hatch) resulting from crosses of the HTMT strain were determined. Different capital letters indicate significant differences (P Ͻ 0.05 ͓ANOVA͔). (20): 258 pupae/284 larvae (91%) survived to pupate and 94% of the resulting pupae emerged as adults (49% females). Fluorescence in situ hybridization was used to visualize Wolbachia in the HTM, HT1, HTMT, and IH (i.e., naturally infected) embryos (Fig. 4 ). HT1 and HTMT were similar in that no Wolbachia were observed. Naturally infected embryos displayed a pattern of Wolbachia infection focused in the periphery and poles, similar to prior descriptions (41) . In contrast, the wMelPop infection was higher in HTM embryos and distributed throughout the embryo.
FIG. 3. Characterization of embryonic development in unhatched
An initial comparison of HTM and HT1 longevity was conducted at G 5 , showing reduced longevity of HTM females relative to HT1 females (Kaplan-Meier log-rank; 2 ϭ 4.622, df ϭ 1, P ϭ 0.032) (Fig. 5) . The median longevities of HTM and HT1 females were 41 and 54 days, respectively. No difference was observed between HTM and HT1 males, with median ages of 30 and 25 days, respectively ( 2 ϭ 3.286, df ϭ 1, P ϭ 0.070). Repeating the longevity assay at G 13 (Fig. 5) , HTM females again were observed to be significantly shorter-lived (median age of 52.5 days) relative to HT1 females (median age of 57.5 days) ( 2 ϭ 5.298, df ϭ 1, P ϭ 0.0213). Similar to the G 5 longevity assay, no difference was observed between HTM and HT1 males, with median ages of 26 and 24.5 days, respectively ( 2 ϭ 3.0377, df ϭ 1, P ϭ 0.0814).
DISCUSSION
The results presented here demonstrate that although A. albopictus is permissive to the wMelPop Wolbachia type, the resulting infection can be best categorized as a pathogenic symbiosis. The results of microinjection experiments are similar to prior transinfection experiments (25, 32) , showing that A. albopictus susceptibility to wMelPop is not atypical. However, the resulting phenotype of the HTM strain is unlike other Wolbachia infections and the most pathogenic wMelPop association reported to date. The reduced fitness is due primarily to the low egg hatch of HTM females, which results regardless of (13) . There are reports also of "suicide" Wolbachia infections, capable of modifying but not rescuing (43) . Although partial rescue can potentially explain events resulting in crosses between HTM individuals, it does not explain the low egg hatch resulting from crosses of HTM females and uninfected males, which in theory would not induce CI. Removal of the wMelPop infection (i.e., antibiotic clearing of the HTMT strain) restored normal egg hatch, demonstrating that the low-egg-hatch phenotype is not explained by the HTM genotype or mitotype, which possibly has been changed during microinjection of wMelPop. Examination of HTM oocytes shows an unusually high density of Wolbachia, suggesting that Wolbachia over-replication in oocytes is responsible for the low egg hatch resulting from HTM females. This is similar to a reported transfer of wMelPop to D. simulans in which the wMelPop infection was associated with a drop in egg hatch (25) . In the prior experiment, however, the egg hatch reduction was relatively small in D. simulans and was transient, returning to normal egg hatch levels after five generations of transinfection experiments. Similar to results in transinfected D. simulans (25) , lower fecundity was observed in HTM females, consistent with higher costs associated with wMelPop infection.
Wolbachia has been shown to change phenotype upon transfer between hosts (4, 35, 43) . With the wMelPop infection in Drosophila, a range of CI penetrance has been described (25, 27, 32) . Although CI induction by wMelPop in A. albopictus was not initially apparent, based upon the pattern of egg hatch, subsequent examination of embryonic development reveals a cross pattern that is consistent with CI. Specifically, the cross between uninfected females and HTM males is different from the remaining cross types, resulting in significantly more embryos that are arrested in early development, which is diagnostic of CI. However, the CI is incomplete (ϳ20% hatch) and relatively weak compared to that resulting in crosses of the natural superinfection (Ͻ1% hatch) and CI resulting from previously generated A. albopictus transinfected lines (Ͻ15% hatch) (41, 42) . Importantly, the wMelPop infection in HTM can rescue the CI modification (i.e., mod ϩ resc ϩ ) (8), resulting in broods indistinguishable from the HTM ϫ HTM and HTM ϫ HT1 crosses.
Similar to the phenotype in the original D. melanogaster host, the wMelPop infection is associated with reduced adult longevity. HTM longevity assays were conducted at G 5 and then repeated at G 13 . The latter crosses were conducted because prior studies showed an attenuation of the wMelPop phenotype with time (25) . The later assay is expected also to ameliorate potential inbreeding effects resulting from transinfection and isoline selection methods. In both the G 5 and the G 13 assays, HTM female adults were observed to be significantly shorter lived. However, the reduction of female longevity was not as severe as that observed in D. melanogaster, D. simulans, or A. aegypti (25) (26) (27) , where the life span was approximately halved by wMelPop infection. No effect of wMelPop on adult male longevity was observed.
High maternal transmission of wMelPop is observed in HTM, when outcrossed to uninfected males. However, lower infection frequencies were observed resulting from crosses of HTM females and HTM males. This apparent paternal effect on the Wolbachia infection frequency among progeny is unexpected, and additional study is required to determine whether this represents a direct effect on embryonic infection frequency and/or infection level among progeny or whether this results from an indirect downstream effect (e.g., differential larval competition/survivorship favoring rare uninfected individuals). The absence of paternal transmission was confirmed, which is consistent with prior reports describing that paternal transmission of Wolbachia is rare or absent (19, 24) .
Although prior works suggest that, with time, the HTM strain may evolve toward a mutualistic association (25, 26) , the current symbiosis is maladaptive. With weak CI and high fitness cost, the wMelPop infection would be unlikely to spread into an uninfected A. albopictus population. The opportunity for expansion is further reduced by the low maternal transmission that results in crosses between HTM individuals. The results, especially in comparison with related work (26) , demonstrate the unpredictability of phenotypes resulting in artificial Wolbachia-host associations, which is an important consideration in extending an age structure modification strategy to additional systems (3, 38) .
